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Early and Extensive Contribution of Pericytes/Vascular Smooth Muscle Cells to 
Microvascular Proliferation in Glioblastoma Multiforme: An Immuno-light and
Immuno-electron Microscopic Study
P i e t e r  W e s s e l i n g , M.D., R e i n ie r  O. S c h l i n g e m a n n , M.D., Ph.D., F r a n k  J. R , R i e t v e l d , M.T.,
M o n i q u e  L i n k , M.T., P e t e r  C. B u r g e r , M.D., a n d  D ir k  J. R u i t e r , M.D., Ph.D.
A bstract. Although florid microvascular proliferation (MVP) in glioblastoma multi forme (GBM) has long been considered 
as proliferation o f  endothelial cells (EC), rccent immuno-light microscopic studies demonstrated many a-smooth muscle actin 
(a-sm actin )-positive cells in this MVP, suggesting a major contribution o f  pericytes and/or vascular smooth muscle cells 
(VSMC). Under certain culture conditions, however, a-sm actin expression has also been described in EC. In order to further 
investigate to what extent pericytes/VSMC participate in MVP in GBM, we performed an immunohistochemical study at both 
the light and electron microscopic levels with anti-a-sm actin, with an antibody against EC (EN-4) and with an antibody 
recently described to react with “‘activated” pericytes in conditions with neovascularization (anti-high molecular weight- 
melanoma associated antigen). In this detailed study of MVP in GBM, two distinct cell types could be recognized on the 
basis o f  a consistent ultrastructural localization and imniunophenotype: EC and pericytesAVSMC; no transitional forms were 
found between these two cell types. The contribution of pericytesAVSMC to MVP in G BM  was extensive and already present 
in many delicate tumor capillaries, suggesting not only an essential but also an early role of these cells in this type of tumor 
angiogenesis.
Key Words*. Endothelium; Glioblastoma multiforme; Immuno-electron microscopy; Neovascularization; Pericyte; Vascular 
smooth muscle.
INTRODUCTION
Foikman in 1971 hypothesized that solid tumors are 
dependent on angiogenesis for sustained growth (1, 2). 
In glioblastoma multiforme (GBM), the most malignant 
human glial neoplasm, florid microvascular proliferation 
(MVP) is a remarkable and well-known feature (3, 4). 
Because of this florid MVP, of which the most prominent 
form was called glomeruloid MVP (5), it has been sug­
gested that GBM depend more on extensive neovascu­
larization for continued growth than 44endothelial-poor’’ 
tumors and that anti-angiogenic treatment is a potential 
therapy (6-8). Elucidation of the pathogenesis and bio­
logical significance of florid MVP in GBM is therefore 
important since it will not only lead to a better under­
standing of angiogenesis and malignancy in glial tumors 
(9), but also may provide the basis for a rational treat­
ment.
Florid MVP in GBM has long been considered as pro­
liferation of endothelial cells (EC) as is apparent in the 
common designation “ endothelial proliferation” (4, 5, 
10). Two recent, immuno-light microscopic studies on 
paraffin-embedded tissue of GBM showed, however, 
that many abluminai cells participating in glomeruloid
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MVP were a-sm ooth muscle actin (a-sm actin)-positive 
(11, 12). Antibodies for a-sm actin were described as 
markers for both pericytes and vascular smooth muscle 
cells (VSMC) (13, 14), two cell types that are closely 
related (15-17). Therefore, a major contribution of per­
icytes/VSMC to florid MVP in glial neoplasms was sug­
gested. However, since a-sm actin expression has also 
been described in EC under certain culture conditions 
(18—23), the possibility remains that the a-sm actin-pos- 
itive cells in florid MVP in GBM are in fact modified 
EC that migrated to an abluminai position. The present 
study further characterizes the nature of the cells con­
tributing to this MVP by investigating at both the light 
and electron microscopic levels the distribution of a-sm 
actin, of a marker for EC (EN-4), and of a marker for 
“ activated” pericytes (anti-high molecular weight-mel- 
anoma associated antigen [anti-HMW-MAA]) in the mi­
crovasculature of GBM. EN-4 was previously described 
as a marker for EC in cryostat sections of both normal 
and neoplastic human tissues, the pericytes in these tis­
sues being EN-4-negative (24, 25). HMW-MAA is a 
large chondroitin sulphate proteoglycan which was dem­
onstrated by means of immuno-electron microscopy on 
the cell membrane of pericytes (but not on adjacent EC) 
in conditions with neovascularization (i.e. tumors and 
granulation tissue). The molecule is also synthesized by 
pericytes in culture which carry it on cell membrane 
microspikes. In normal human tissues, HMW-MAA is 
barely detectable in capillaries, while VSMC of larger 
blood vessels show a variable HMW-MAA expression 
(25-27).
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MATERIALS AND METHODS 
Materials
For the immuno-light microscopic study, snap-frozen tissue 
was used of surgical material (supratentorial GBM, n = J8 ; 
supratentorial diffuse astrocytomas, n = 3; normal brain tis­
sue, n = 4) and of histologically normal brain obtained by 
rapid autopsy (n = 5, postmortem delay less than 6 hours). 
The normal brain tissue obtained by surgery was removed for 
technical reasons from the neighborhood of  a vascular mal­
formation (n = 1) and of  a brain tumor (n =  3; I astrocytoma,
1 clinically suspect but not histologically proven low grade 
glioma, 1 calcified tumor with unknown histology). Only after 
very careful microscopic evaluation was this material consid­
ered to be histologically normal. The autopsy material was 
derived from patients who had died of  non-cerebral disorders. 
Additionally, paraffin sections of formalin-fixed material from 
12 GBM and 5 normal brains were used for immuno-light 
microscopy. For immuno-electron microscopy, small frag­
ments of 3 GBM were promptly fixed in 2% paraformaldehyde 
in Sorensen buffer (pH = 7.4). Histological typing of the tu­
mors was performed on hematoxylin-eosin-stained sections of 
formalin-fixed, paraffin-embedded tissue according to the re­
vised WHO classification (28). Sections o f  the snap-frozen 
and paraformaldehyde-fixed tissues were stained with the 
monoclonal antibodies (MoAb) EN-4 (Sanbio, Uden, The 
Netherlands), anti-HMW-MAA (26, 27), and anti-a-sm actin 
(Sigma Chemical Co., St. Louis, MO), while paraffin sections 
of GBM and normal brains were also stained with anti-a-sm 
actin. Optimal working dilutions of the MoAb were deter­
mined previously on positive controls.
Immuno-light Microscopy
In brief, serial 4 (im sections of snap-frozen tissue were air 
dried, fixed in acetone for 10 minutes at room temperature 
(RT) and then incubated with the MoAb at RT for 60 minutes. 
Monoclonal antibodies were diluted in phosphate-buffered sa­
line (PBS, pH = 7.4) containing 1% bovine serum albumin 
(BSA). After rinsing the sections three times with PBS, the 
primary antibodies (Ab) were detected by incubation at RT 
wilh a peroxide-conjugated rabbit-anti-mouse Ab (Dakopatts/ 
ITK, Glostrup, Denmark), followed by three wash steps with 
PBS and incubation with 5 mg/ml DAB (3,3'-diaminobenzi- 
dine-tetrahydrochloride, Sigma Chemical Co.), Then the sec­
tions were rinsed in tap water, treated for 5 minutes with a 
0.9% NaCl solution with 0.5% C u S 0 4 and counterstained with 
hematoxylin-Mayer. Finally, the sections were again rinsed in 
tap water, dehydrated, and mounted with Permount (Boom 
b.v., Meppel, The Netherlands). Negative controls consisted 
of incubations replacing the primary Ab with PBS-BSA. The 
anti-a-sm actin staining of formalin-fixed, paraffin-embedded 
tissue was performed as described previously (12). In each 
case immunoreactivity was semiquantitatively assessed in 
three categories of microvessels (delicate capillaries, arteri­
oles/venules, and florid MVP) according to the extent of the 
staining (most = half or more, some = less than half, or none 
=  none of the vessels in a category positive) and to the in- 
tensity of the staining (marked, weak, or negative). Florid 
MVP was defined as hyperplasia of cells in the microvascular 
wall with two or more continuous layers o f  hypertrophic cells
around the vessel lumen and with the formation of tortuous, 
often glomerulus-like vascular structures. The microvascular 
staining in GBM was compared with the staining in glial/gli­
oma tissue without florid MVP (normal brain and low grade, 
diffuse astrocytoma). The slides were evaluated by two o b ­
servers (PW, DJR); no significant differences existed between 
these independent evaluations.
Immuno-electron Microscopy
A pre-embedding immunoperoxidase technique was used to 
demonstrate the ultrastructural distribution of the staining with 
the MoAb. Surgical material with a maximum size of 4 X 6 X
2 mm was promptly fixed for 4 hours at RT in freshly prepared 
2% paraformaldehyde in Sorensen buffer (pH 7.4). After wash­
ing at RT for 1 hour in PBS and for 45 -60  minutes in 2.3 M 
sucrose solution, the tissue was immediately frozen in liquid 
nitrogen and stored at — 196°C. On a cryomicrotome (Micron, 
Heidelberg, Germany) 30 fxm sections were cut at — 20°C and 
washed in PBS at RT for 1.5 hours. These sections were in­
cubated overnight with the first Ab at 4°C in a PBG buffer (PBS 
+ 0,5% BSA [Aurim, Wageningen, The Netherlands] + 0.1% 
gelatin [Merck, Darmstadt, Germany], pH of  PBG  buffer =  7.4) 
using a rotary shaker. After washing in PBS for 1.5 hours, the 
sections were incubated at RT for 1.5 hours with a peroxide- 
conjugated rabbit-anti-mouse and/or swine-anti-rabbit Ab (Dak- 
opatts/ITK) at appropriate dilution in PBG. Control sections 
were incubated with the second Ab alone. After extensive 
washing for 1.5 hours at RT in PBS, the sections were incu­
bated in a 5 mg/ml DAB solution in PBS, containing 3 mg/ml 
arnmonium-nickel-sulfate-hexahydrate (FLUKA 09885, Buchs, 
Switzerland). The sections were then developed for 8 -10  min­
utes in the same solution containing 0.01% H20 2 (30%). The 
reaction was terminated by rinsing with tap water. The sections 
were postfixed in 1% osmium tetroxide for 5 minutes at RT, 
dehydrated and embedded in Epon 812. One micron sections 
were cut for light microscopy and stained with toluidine blue. 
Ultrathin sections were cut with a diamond knife (Drukker, 
Cuyk, The Netherlands) on an ultramicrotome (Reichert Jung, 
Vienna, Austria). The ultrathin sections were contrasted for 1 
minute with uranyl acetate 3% and examined and photographed 
with a JEOL 1200 EX/II electron microscope (Tokyo, Japan) 
at 40 KV.
RESULTS 
Immuno-light Microscopy
Florid MVP was present in cryostat sections of 1 1 out 
of 18 GBM and in paraffin sections of 9 out of 12 GBM. 
Furthermore, all GBM contained many delicate capillar­
ies with normal appearance or at the most mild MVP in 
the form of mild hyperplasia and/or hypertrophy of mi­
crovascular cells. In normal brain and in astrocytomas 
MVP was absent. The results of the immuno-light micro­
scopic study are summarized in Table 1. In normal brain, 
astrocytomas, and GBM the microvessels (including ves­
sels showing MVP) were generally strongly EN-4-posi- 
tive. The EN-4 staining was present in the form of a fine 
granular staining of one layer of cells immediately around 
the recognizable vessel lumina, consistent with staining
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DISCUSSION
Although light microscopically the exact cellular lo­
cation of the immunohistochemical microvascular stain­
ing could not be determined with certainty, the comple­
mentary staining pattern with EN-4 on the one hand and 
for HMW-MAA and a-sm actin on the other suggested 
staining of EC and pericytes/VSMC, respectively. EN- 
4 appeared to be a reliable marker for microvessels in 
snap-frozen tissue of both normal and neoplastic glial 
tissue. As in previous studies on paraffin sections (11, 
12), a substantial contribution of a-sm actin-positive 
cells to florid MVP and more delicate capillaries was 
found in GBM, while capillaries in astrocytomas and 
normal brain were a-sm  actin-negative. The hypothesis 
that the a-sm  actin-positive cells in MVP in GBM are 
activated pericytes or VSMC rather than EC is corrob­
orated by the extensive presence of HMW-MAA-posi- 
tive cells in these microvessels. For unknown reasons a 
less extensive a-sm  actin staining of MVP (but not of 
arterioles and venules) was found in snap-frozen tissue 
of GBM than in formalin-fixed, paraffin-embedded tis­
sue and in paraformaldehyde-fixed tissue of these tu­
mors.
The present immuno-electron microscopic study sub­
stantially contributes to the unequivocal characterization 
of the cells participating in MVP in GBM. On the basis 
of localization and immunophenotype, two cell types 
could ultrastructurally be recognized in both florid MVP 
and more delicate capillaries in these tumors: EC (lining 
the vessel lumina; EN-4-positive; HMW-MAA- and a- 
sm actin-negative) and pericytes/VSMC (abluminal cells; 
EN-4-negative; variably HMW-MAA- and a-sm actin- 
positive). We did not find transitional forms between 
these cell types. Further morphological characterization 
of the microvascular cells was difficult because of the 
reduced ultrastructural preservation of the tissue used for 
immuno-electron microscopy. Since both (activated) per­
icytes and VSMC can be HMW-MAA- and a-sm actin- 
positive, these cells could not be discriminated in the ab­
normally configurated vascular structures of florid MVP. 
However, the position and caliber of the ct-sm actin- and 
HMW-MAA-positive cells in delicate tumor capillaries 
demonstrated that here the positive cells are pericytes in­
stead of VSMC, This finding strongly suggests that ac­
tivation of pericytes is an early event in MVP in GBM. 
The focal, submembranous instead of diffuse, cytoplas­
mic a-sm actin staining observed in some of these peri­
cytes probably represents a relatively early phase in the 
activation of these cells.
While in GBM a-sm actin and HMW-MAA reactivity 
was present in many delicate capillaries, such staining 
was generally absent in capillaries of normal brain and 
low grade astrocytomas. Only in one of the three ex­
amined astrocytomas were some capillaries HMW-
MAA-positive, suggesting that activation of pericytes 
precedes MVP in the course of malignant progression 
of these neoplasms. A larger series of diffuse astrocytic 
neoplasms should be investigated to assess the diagnos­
tic usefulness and prognostic significance of a-sm actin 
and/or HMW-MAA staining of delicate capillaries in 
these tumors. In the present study it was noted that the 
expression of HMW-MAA in delicate capillaries of 
GBM was more extensive than that of a-sm actin. This 
phenomenon has been described before (26) and indi­
cates that in GBM HMW-MAA may be an earlier or a 
more sensitive marker for activation of pericytes than 
a-sm actin.
Angiogenesis is regulated by stimulatory and inhibi­
tory factors that are able to modulate the migration and/ 
or proliferation of microvascular cells (29-31). Like an­
giogenesis in other tumors, florid MVP in GBM has been 
attributed to the increased production and/or release of 
angiogenic growth factors, of which vascular endothelial 
growth factor/vascular permeability factor (VEGF/VPF), 
platelet-derived growth factor (PDGF), and acidic and ba­
sic fibroblast growth factor (a- and b-FGF) have been 
studied most intensively (32). While the mitogenic activ­
ity of VEGF is restricted to EC, PDGF and FGF are 
mitogenic for a spectrum of cells, including SMC and 
EC (31). Since florid MVP in GBM used to be regarded 
as (largely) endothelial in nature, the demonstration of 
PDGF (and its receptor) and of FGF in this MVP prompt­
ed some authors to consider these factors as important 
stimulators of EC proliferation in GBM (33-36). The ear­
ly and extensive contribution of pericytes/VSMC to MVP 
in GBM indicates that these cells are also significantly 
stimulated by angiogenic factors. In fact, as discussed by 
Haddad et al (11), PDGF is more likely to stimulate the 
proliferation of pericytes/VSMC than of EC, Similarly, 
in human healing wounds and colorectal adenocarcino­
mas microvascular pericytes rather than EC were found 
to express PDGF receptor (37).
Several roles have been suggested for pericytes in the 
normal micro vasculature, such as regulation of EC pro­
liferation, of vascular permeability, and of vessel diam­
eter (15—17). The role of pericytes/VSMC during angi­
ogenesis is unclear (38). In vitro studies demonstrated 
that VSMC and pericytes can inhibit proliferation of EC 
by a mechanism that requires contact or close proximity 
between the two cell types, the inhibition being mediated 
by transforming growth factor-pi (TGF-pi) (39-41). 
TGF-fil has also been shown to mediate the increased 
expression of a-sm actin in cultured human brain peri­
cytes (27), cells that are generally a-sm actin-negative in 
normal brain (17). The increased a-sm actin expression 
of pericytes in GBM might indicate a contractile role of 
these cells (13).
In conclusion, the present immuno-light and immuno- 
electron microscopic study shows a substantial contri-
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bution of microvascular cells with the ultrastructural lo­
calization and immunophenotype of pericytes/VSMC to 
both florid and mild MVP in GBM. Thus, this study not 
only corroborates the findings of previous immuno-light 
microscopic studies suggesting extensive participation of 
pericytes/VSMC to florid MVP in GBM, but also indi­
cates an early role of these cells in this type of tumor 
angiogenesis. The precise role of pericytes/VSMC during 
angiogenesis is, however, largely obscure and warrants 
further investigation.
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